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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
In this paper, the influence of plastic material property equations on the initial C(t) and J(t) is investigated by using elastic-plastic-
creep FE analysis. For plastic models, three equations with different values around 0.2% yield strength are considered for study. 
These models are found to have an effect on calculated C(t) values for a short time or redistribution time. In case of J(t), the rate 
of its change is not affected by the models, whereas J(0) values were affected.
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1. Int oduction
In case of fracture mechanics analysis of a cracked component at high temperature, calculation of time-dependent 
C(t) and J(t) is significant (R5, 2015; Riedel, 1987). C(t) can be used to explain the singular stress at the crack tip 
(Riedel, 1987; Webster et al., 1994) to evaluate creep crack growth rates. At steady state, when time goes to infinity, 
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C* is used for value of C(t). J(t), on the other hand, can be used to predict creep crack growth in early stage by using 
time-dependent failure assessment diagram approach (Ainsworth, 1993; Ainsworth et al., 1999).
Nomenclature
a crack length
A, B material constants for plasticity and creep
C(t), C* crack tip parameter for transient and steady state creep conditions
E Young’s modulus
J(t), J(0) J-integrals as a function of time and at initial (t=0) conditions
K linear elastic stress intensity factor
Lr parameter related to plastic yielding
m strain hardening exponent
n creep exponent
M, ML applied load and plastic limit load
r, θ polar coordinates at the crack tip
t, tred time and redistribution time
W specimen width
ε, εe, εp strain, elastic strain and plastic strain
cε creep strain rate
ν Poisson’s ratio
τ normalized time, =t/tred
σ stress
σo yield strength
φ plasticity correction factor
FE finite element
SE(B) single-edge-cracked bend
Equations for estimating C(t) and J(t) under elastic-plastic-creep conditions have been developed by Ainsworth and 
co-workers (Ainsworth and Budden, 1990; Joch and Ainsworth, 1992; Ainsworth et al., 2011; Ainsworth et al., 2015) 
and they can be applied to combined primary and secondary loading cases. However, they are available only for when 
stress exponents are equal for idealized power-law plastic and Norton-law creep materials where plastic hardening and 
creep exponents are the same. Elastic-plastic-creep finite element analysis using both tensile and creep properties is 
conducted to validate these equations for more general cases. It should be noted that existing equation for estimating 
C(t) suggests that C(t) response at initial stage has a dependency on J value at initial elastic-plastic condition and this 
presents that different power-law plastic equations can give an effect on initial response of C(t).
This paper suggests investigation on the effect of different elastic-plastic models on initial C(t) and J(t) values 
through elastic-plastic-creep FE analysis. Especially, it emphasizes on the tensile data close to 0.2% plastic strain, 
which corresponds to 0.2% proof strength. FE analysis is explained in Section 2 and Section 3 presents its results. 
Conclusion of this work is presented in Section 4.
2. Finite element analysis
2.1. Material property models
Power-law creep with constants of B and n is used for creep properties in this work:
c nBε σ= (1)
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Two creep exponents of n were assumed, n=5 and 10 and following creep constants were taken into consideration, 
B=3.2x10−15 for n=5 and B=3.2x10−25 for n=10. These values do not have effect on the results as these are given in 
a normalized form. Three different power-law plastic models are assumed in this study. 
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σo is the yield strength; m is strain hardening exponent ε, εe, εp refer to total, elastic and plastic strain. The first model 
is one-term equation resembles the Ramberg-Osgood equation, which is generally used in fracture mechanics analysis. 
Constant of 0.002 is presented to 0.2% plastic strain corresponding to the yield strength. The second model is two-
term power-law plastic equations has no plastic strain occurs at yield point. This equation may be applicable to 
materials containing Lȕders plateau. The third model is composed of three-terms. First term refers to linear elastic and 
the other terms refer to transition to the yield strength and plastic term, respectively. This model is different from the 
second model below 0.2% of plastic region and tensile behavior of materials with continuous hardening is represented 
in the model.
The yield strength σo =300MPa; Young’s modulus E=200GPa; and Poisson’s ratio ν =0.3; were used for all cases 
with two strain hardening exponent values, m=5 and 10. Comparisons on three plastic models are depicted in Fig. 1. 
All three models are almost equivalent in Fig. 1c. However, as shown in Fig. 1a and 1b, each model generates 
dissimilar stress-strain curves in small strain region. Eq. (2) shows the largest plastic strain for a given stress whereas 
Eq.(3) gives the lowest.
(a)                                                   (b)                                                   (c)
Fig. 1. Stress-stain curves of plastic equations, (a) m=n=5, (b) m=n=10 and (c) at larger scale
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2.2. Geometric and loading conditions
In Fig. 2a., a single-edge-cracked bend specimen (SE(B)) under plane strain condition with the relative crack length 
of a/W=0.5 and W=50mm was used in FE analysis. The sensitivity of C(t)/C* and J(t)/J(0) to specimen geometry is 
suggested by existing works (Kim et al., 2001) that these values are not much sensitive to the geometry, therefore, 
only one geometric condition is considered for FE model.
(a)                                            (b)                                                                        (c)
Fig. 2. Specimen used for research, (a) SE(B) (b) crack tip mesh in FE model and (c) mesh sensitivity
2.3. Elastic-plastic-creep FE analysis
Elastic-plastic-creep FE analyses were conducted by using commercial programme ABAQUS (ABAQUS, 2013)
In Fig. 2b, FE mesh used for elastic-plastic-creep FE analysis is depicted and the numbers of nodes and elements are 
14,055 and 4,542. CPE8R condition within ABAQUS, which refers to eight-noded plane strain elements with reduced 
integration was used to prevent problems regarding incompressibility occur. In the model, a ring composed of wedge-
shaped elements and collapsed elements were used at the crack-tip. For accuracy of C(t) and J(t) integrals calculation, 
the crack-tip was designed with sufficiently fine meshes. 
( )
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Confidence of the mesh was verified by evaluating asymptotic behavior of C(t) at short times with the FE mesh in 
Fig. 2b. At short times, elastic-creep C(t) values should follow Eq. (5) (Riedel, 1987; Ehlers and Riedel, 1981). K
refers to the stress intensity factor due to initial loading. Comparison between FE results and Eq. (5) is shown in Fig. 
2c, suggesting that accurate C(t) calculation with FE meshes in Fig. 2b is available even at t/tred =10-4. The proximity 
parameter Lr is used to confirm the effect of initial plasticity in Eq. (6). ML refers to the plastic limit load and four Lr
values, Lr =0.3, 0.5, 0.8 and 1.0, were used in this study.
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3. Result
3.1. FE result of C* and J(0)
FE results of C* for four different Lr values using Eq. (2) is shown in Table 1. Since steady state C* values are not 
supposed to be dependent on plastic constitutive equations, calculated FE C* showed within 1% difference for all 
assumed cases. 
In Table 2, FE results of J values when t=0 are summarized and shows dependency of FE J(0) values on plastic 
constitutive equations. Due to difference in plastic strain, J(0) values are the largest for Eq. (3) and the smallest for 
Eq. (4) for a given load compare to those of Eq. (2). Differences tends to increase as Lr and m increase.
Table 1. FE C* values [MPa∙mm/h]
m=n Equation Lr=0.3 Lr=0.5 Lr=0.8 Lr=1.0
5
(2)
0.05 1.06 17.84 67.78
10 0.025 6.83 1201.99 13983.60
Table 2. FE J(0) values [MPa∙mm].
m Equation Lr=0.3 Lr=0.5 Lr=0.8 Lr=1.0
5
(2) 2.00 6.03 20.23 42.43
(3) 1.96 (-2.00%) 5.54 (-8.15%) 15.25 (-24.61%) 28.51 (-32.81%)
(4) 1.97 (-1.70%) 5.59 (-7.29%) 16.93 (-16.31%) 36.91 (-13.02%)
10
(2) 1.97 5.67 17.91 42.30
(3) 1.96 (-0.38%) 5.56 (-1.86%) 15.61 (-12.84%) 31.57 (-25.37%)
(4) 1.97 (-0.22%) 5.59 (-1.44%) 16.52 (-7.76%) 37.92 (-10.34%)
3.2. Influence of plastic material properties on C(t) values
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( ) ( )
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* 1
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In this section, results of FE C(t) values and redistribution time are given in normalized form. For the reference of 
normalization, FE C(t) values of Eq. (2) are used. Similarly, time is normalized by tred of Eq. (2) for consistency.
The relaxation behavior of C (t)/C* suggested by Ainsworth and co-workers (Joch and Ainsworth, 1992) can be 
given by Eq. (7). Constants A and B are defined in Eq. (1) and (2). In Fig. 3, FE C(t) values with normalized time t=
t/tred are compared with predictions of Eq. (7) using FE J(0) and C* for assumed cases and both generally show good 
agreements. The redistribution time tred can be calculated with FE J(0) and C* values in Eq. (8).
In Fig. 4, normalized FE C(t) values using Eq. (3) are depicted and shows that calculated FE C(t) values of Eq. (3)
are almost similar with those of Eq. (2) at long times. However, it shows differences at short times when t/tred <0.2. 
Figure 4c shows the normalized results at smaller scale and it shows that differences are limited to very small 
normalized times. In Fig. 5, normalized FE C(t) values using Eq. (4) are depicted and overall tendencies resembles 
those in Fig. 4 with smaller differences.
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       (a)                                                                     (b)
Fig. 3. Normalized C(t) and time comparison of Eq. (7) and FE using Eq. (2), (a) m=n=5, (b) m=n=10
(a)                                                   (b)                                                   (c)
Fig. 4. C(t)/C* and time of FE using Eq.(3) normalized by FE using Eq.(2), (a) m=n=5, (b) m=n=10 and (c) m=n=5 at smaller scale
(a)                                                   (b)                                                   (c)
Fig. 5. C(t)/C* and time of FE using Eq.(4) normalized by FE using Eq.(2), (a) m=n=5, (b) m=n=10 and (c) m=n=5 at smaller scale
3.3. Influence of plastic material properties on J(t) values
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From considerable FE analyses results, Kim et al. (Kim et al., 2001) suggested an estimation equation of J(t) in Eq. 
(9) and φ is given in Eq. (7). Comparisons of Eq. (9) and FE results are depicted in Fig. 6a and are generally in good 
agreements. In Fig. 6b, three J(t) curves of different plastic models in normalized manner are nearly identical and this 
means that right side of Eq. (9) has no dependency on plastic properties. In case of left side of Eq. (9), C* is also a 
value that is not dependent on plastic properties. Therefore, J(0) on the left side is the only variable having an influence 
on J(t) values. In Fig. 7, FE J(t) values of Eq. (3) and Eq. (4) are normalized by those of Eq. (2), which is used as a 
reference model. Differences in J(t) values tend to decrease as normalized time increases as expected.
(a)                                                                     (b)
Fig. 6. Normalized J(t) and time, comparison of Eq. (9) and FE using plastic models when m=n=10, (a) Eq. (2) and (b) Eq. (2),(3) and (4)
(a)                                                                     (b)
Fig. 7. J(t) and time normalized by FE using Eq.(2) when when m=n=10, (a) Eq. (3) and (b) Eq. (4)
4. Conclusions
The influence of elastic-plastic material properties on FE C(t) and J(t) values is studied in this paper through 
systematic FE analyses using ABAQUS. For comparison, three different plastic equations that have the same plastic 
material properties but different tensile behavior near 0.2% yield strength. The plastic models have an effect on 
calculated C(t) values of FE analysis only for a short time at the beginning and is found. Moreover, it is found that FE 
J(0) values depending on the models can make as much as 40% of differences. In case of J(t), its rate of change is not 
affected by the models and differences of J(t) tend to decrease as normalized time increases.
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